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@ Temperature sensor circuit and constant-current circuit 



@ A temperature sensor circuit is provided 
which Is of a differential output type and com- 
prises a differential pair circuit and a feedback 
drcuit. The differential pair circuit has a first 
MOS transistor whose gate is connected to one 
tenmlna! of ttie output terminal pair of the tem- 
perature sensor circuit to be applied with a 
reference voltage, and a second MOS transistor 
whose source is connected to the source of ttie 
first MOS transistor and whose capacity ratio, 
or gate-widtti and gate-length ratio (W/L) are 
different from tiiat of the first MOS transistor, a 
load circuit connected to ttie drains of said first 
and second MOS transistors, and a constant 
cunnent source connected to ttie sources of the 
first and second MOS transistors. The feedback 
circuit is supplied from ttie drain of the second 
MOS transistor witti an output volt^e of ttie 
differential pair circuit, and tfie output end 
ttiereof is connected to tfie other tenminal of \he 
output tenminal pair of the temperature sensor 
drcuit as well as to ttie gate of ttie second MOS 
transistor tiiereby feedback-controlling the dif- 
ferential pair drcuit in order tiiat tfie drain 
currents of the first and second MOS transistors 
are made equal to each ottier. The load drcuit is 
preferable to be a current mirror drcuit, particu- 
lariy preferable to be such a cun-ent minor 
drcuit that has two MOS transistors whose 
gate-width and gate-length ratio are eltiier diffe- 
rent from or equal to each ottier. 



FIG. 5 
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BACKGROUND OF THE INVENTION 
1 Field of the Invention 

This Invention relates I a temperatur sensor circuit and a constant-current drcuit, and more particularly, 
to a temperature sensor circuit and a constant-current drcuit which are formed of MOS transistors on a MOS^ 
type Integrated circuit 

2. Description of the Related Art 

A conventional temperature sensor circuit is formed of bipolar transistors In general as shown in Figs. 1 

and 2. The circuits shown in Figs. 1 and 2 each comprises n transistors Q1, 02 On of either npn- or pnp- 

type. n constant-current sources for supplying n constant currents 11. 12. .... In respectwely to the n transistors 

Q'' • 02 On. and a constant-voltage source for applying a constant voltage Vcc to each of the n transistors 

Q1. 02 On. The operation of these circuits wDI be explained below. 

In Fig. 1 or 2, supposing that a current and sahjration current of each transistor Qj 0 == 1 , 2 n-1 , n) are 

expressed as Ij and Is, respectively, the Boltzmann constant is expressed as k, absolute temperature is ex- 
pressed as T, the unit electronic charge is expressed as q and a base-to-emitter voltage of the transistor Qj is 

expressed as VBEj. the current Ij 0 = 1 . 2 n-1 . n) of each of the n constant-current sources can be shown 

as follows; 

lj = lsexp(5^) (1) 

Here, supposing that the direct current amplification factor of the transistor Qj Is sufficiently high and the 
base currentthereof is negligible, the base-to-emilter voltage VBEj of the transistor Qj can be shown as follows; 

VBEj= -^1n(g) (2) 
As a result. In the circuit shown In Fig. 1, an output voltage Vo of the circuit can be shown as follows; 



a 



kT „ Ij 
Vo = 2 VBEj = { 2 In ( )} (3) 

- Is 



On the other hand, in the circuit shown in Fig. 2. the difference (Vco-Vo) between the voltage Vcc of the con- 
stant-voltage source and the output voltage Vo of the circuit can be shown as follows; 

kT „ Ij 
Vcc - Vo = L VBEj = { 2 in ( )} (4) 

q Is 



As seen from Eqs. (3) and (4), In the temperature sensor circuit shown In either Fig. 1 or 2. the voltage 
proportional to absolute temperature T can be obtained. This means that the temperahire at a position where 
the temperature sensor circuit Is disposed can be detected. 

However, if such a conventional temperature sensor circuit as expressed above is to be realized on an 
MOS-type Integrated drcuit by using MOS transistors instead of bipolar transistors, it is difficult to obtain a suf- 
ficiently large direct current amplification factor due to the fact that the MOS integrated circuit uses parasitic 
bipolar transistors, so that the actual output voltage Vo is largely deviated from a value calculated from Eq. (3) 
or (4), thus arising such a problem that it is disadvantageous to be practically used 

In addition, in case of receiving an output of the temperature sensor circuit by, for example, an A/D con- 
verter, since the above - mentioned conventional temperature sensor circuit is not of a differential output type, 
a reference voltage source is disadvantageously necessary to be used additionally. If the reference voltage 
source is used additionally, the temperature characteristic that it has may degrade the characteristics of the 
temperature sensor circuit itself. 

Next, as a constant-current circuit formed of MOS transistors, a circuit as shown in either Fig. 3 or 4 is 
well-known conventionally. 
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The constant-current cSrcult shown in Fig. 3 is one that was disclosed In "IEEE J urnal of Solid - State 
Circuits", Vol. SC-12, N . 3 Jun 1977, pp. 224 to 231, in which the MOS transistors ar operated under th 
weak Inversion state thereby t obtain an output current IR as small as 30 nA t 2 n A. 

On the other hand, th drcuit as shown In Fig. 4 is disclosed in "VLSI Design Techniques for Analog and 
Digital Circuits", pp. 363 published by McGraw-Hill. 1 990, which Is a called boost strapped current source/sink. 
In this drcuit. a drain current ID61 of a MOS transistor M61 and a drain current ID62 of a MOS transistor M62 
are related by the following equatfons (5) and (6). where VTH Is a threshold voltage. KN' is a conductance. 
L61 is a gate length and W61 is a gate wklth. 

ID61 = ID62 (5) 
ID62 = (VTH/R) + (1/RH2ID61.L61/KN'.W61)i« (6) 

With the constant-current circuit shown in Fig. 3. the output current Is as small as 1 0 nA to several micro- 
amperes (^ A), resulting in arising such a problem that a practical operational level of current (about several 
hundreds micro-amperes) cannot be obtained unless otherwise sophisticated more. 

With the constant-current drcuit shown in Fig. 4. the threshold voltage VTH Is varied, so that when taking 
notice of the manufacturing deviation, the dispersion of the output current is excessively large. 

Thus, an object of this Invention Is to provide a temperature sensor circuit of a differential output type 
formed of MOS transistors. 

Anotherobjectofthfe invention is to provideatemperaluresensordrcuit of adifferential output type formed 
of MOS transistora on a CMOS integrated drcuit 

Further another object of this invention is to provide a constant-current circuit which is capable of obtaining 
a current at a value of practical operational level as well as setting the current with no effect by variation of a 
threshold voltage, thus being adapted to be used for a CMOS integrated drcuit 

SUMMARY OF THE INVENTION 

(1) In a first aspect of this invention, a temperahjre sensor drcuit of a differential output type is provided which 
Is formed of MOS transistors. 

This circuit indudes a differential pair circuit and a feedback circuit The differential pair drcuit indudes 
first and second MOS transistors whose gate-width and gate-length ratto (VWL) are different from each other, 
a load circuit of the first and second transistors and a constant-current source for driving the f iret and second 
transistors. The feedback circuit Is supplied from the drain of one MOS transistor of the differentia! pair drcuit 
with an output vdtage of the differential pair circuit thereby feedback-controlling the differential pair circuit so 
that the drain currents of the first and second MOS transistors can be made equal to each other. 

Preferably, the gate of the first MOS transistor of the differential pair drcuit is connected to one terminal 
of the output terminal pair of the temperature sensor circuit to be applied with the reference voltage. The gate 
of the second MOS transistor is connected to the other terminal of the output terminal pair thereof thereby 
receiving therethrough a feedback voltage from the feedback circuit 

The load drcuit is preferable to comprise a current mirror circuit In this case, the load drcuit preferably 
comprises two MOS transistors equal In gate-width and gate-length ratio (W/L) to each other. 

The temperature sensor circuit of the first aspect of this Invention feeds back an output voltage of the feed- 
back circuit to the differential pair circuit to control the drain currents of the first and second transistors thereof 
to become equal to each other, so that between the two input terminals of the differential pair circuit is obtained 
a voltage proportional to the temperature. Consequently, such a temperature sensor circuit that is of a differ- 
ential output type formed of MOS transistora can be obtained with superior characteristics. 

The feedback drcuit Is not limited to that shown above, it may be any other types of circuit if operable In 
the same manner as above. The load circuit Is not limited specifically, but It is preferable to be a current mirror 
circuit, particularly preferable to be such a current mirror circuit that comprises two MOS transistora whose 
gate-width and gate-length ratio are equal to each other. 

(2) In a second aspect of this Invention, a temperatore sensor drcuit of a differential output type Is provided 
which is adapted to be formed of CMOS transistors on a CMOS integrated circuit 

The temperature sensor circuit of this aspect comprises a differential pair drcuit having two MOS transis- 
tors different in gate-width and gate-length ratio (W/L) from each other and to be driven through a constant- 
current source, a current mirror circuit comprising two MOS transistors different in gate-width and gale-length 
ratio from each other and constituting a load of the differential pair circuit, and a feedback circuit for feeding 
back an output of the current mirror drcuit to the gate of one MOS transistor of the differential pair circuit so 
that the drain current ratfo of the differential pair drcuit can be made equal to th mirror ratio of the current 
mirror circuit 

The feedback drcuit is not limited to that shown above, it may b any other types of circuit if operable in 

3 
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the same manner as above. However, it is preferable to be a complementary circuit using two MOS transistors 
different in polarity from each other. 

The circuit of this aspect feeds back an output of the current mirror circuit to the differential pair circuit to 
control the drain current ratio of the differential pair circuit to be nnade qualt th mirror ratio of the current 
5 mirror drcuit, thus being capable of obtaining a voltage proportional to temperature between the two input ter- 
minals of the differential pair circuit As a result, the temperature sensor circuit of a differential output type can 
be realized on a CMOS integrated circuit using CMOS transistors. 

Different from the temperature sensor aVcuit of the first aspect in which the output voltage is generated 
only by the two MOS transistors of the differential pair circuit, the temperature sensor circuit of this aspect 
10 generates the output voltage by the two MOS transistors of the differentia] pair circuit and the two MOS tran- 
sistors of the current mirror circuit constituting the load t hereof, thus resulting in the generation of higher output 
voltage. As a result, the same output voltage can be generated by further small-sized transistors, thus being 
capable of making the chip area smaller. 

(3) In a third aspect of this invention, a constant-current circuit is provided which Is adapted to be used for 

15 making CMOS integrated circuits, in which there may be two types of circuit, first and second. 

The constant - current circuit of the first type comprises a current mirror circuit comprising two MOS tran- 
sistors different in gate-width and gate-iength ratio (W/L) from each other, a first MOS transistor and a second 
MOS transistor whose gate-width and gate-length ratk)s are different from or equal to each other. The first 
MOS transistor has the drain and gate connected through a resistor to each other and is supplied through the 

20 resistor with a driving current from one MOS transistor of the current mirror circuit The second MOS transistor 
has the gate connected to the drain of the first MOS transistor and the drain directly receiving the driving cur- 
rent from the other MOS transistor of the current mirror circuit And, the first and second MOS transistors are 
structured to be operable at a constant current ratk>. 

The constant-current drcuit of the second type of this aspect also comprises a current mirror drcuit com- 

25 prising two MOS transistors different in gate-width and gate-length ratio from each other and a first MOS tran- 
sistor and second MOS transistor whose gate-width and gate-length ratios are different from or equal to each 
other. In which, the first and second MOS transistors are structured to be operable at a constant current ratio 
as in the first type of this aspect, but different therefrom as follows; Namely, In this type, the first MOS transistor 
has the drain and gate connected directly to each other and receives a driving current directly from the current 

30 mirror circuit, and on the other hand, the second MOS transistor has the source connected to a resistor and 
the gate connected to the drain of the first MOS transistor thereby directly receiving the driving current from 
the current mirror circuit 

Each of the constant-current drcuits of the third aspect has the first and second MOS transistors operable 
at a constant driving current ratio, which means that the driving currents can be generated with no effect by 

35 the variation of the power source vdtage and the dispersion of the threshold voltage. Accordingly, the disper- 
sion of an output current can be made small with respect to the deviation in production and yet, the current 
can be set independently of the threshold vdtage. Consequently, a constant-current drcuit adapted to be used 
for making a CMOS integrated circuit can be realized. 

In order to operate the first and second MOS transistors at a constant drain current ratio, there may be 

40 three methods as follows; A first method is that the first and second MOS transistors to be driven are made 
different in gate-width and gate-length ratio (W/L) and the two MOS transistors constituting the current mirror 
drcuit are also made different in gate-width and gate-length ratio from each other. A second one is that the 
two MOS transistors to be driven are made different in gate-wMth and gate-length ratio and the two MOS tran- 
sistors constituting the current mirror circuit are made equal in gate-width and gate-length ratio to each other. 

45 A third one is that the two MOS transistors to be driven are made equal in gate-width and gate-length ratio to- 
each other and the two MOS transistors constituting the current mirror drcuit are made different in gate-width 
and gate-length ratio from each other. 

Out of the three methods shown above, In the second method, the driving current has an effect due to 
threshold vdtage, so that if the threshold voltage has a productbn deviation-caused variation, the output cur- 

50 rent may be varied to be dispersed. In consideration of this point, either first or second method is preferable 
to be used in that it has no such difficult point 

The first and second MOS transistors and the two MOS transistors constituting the current mirror circuit 
are preferable to be different in polarity from each other. This means that if the first and second MOS transistors 
are of an n-channel type, the two MOS transistors of the current mirror circuit will be preferable to be of a p- 

55 channel type, and on the other hand, if the former transistors are of a p-channel type, th latter ones wfll b 
preferable to be an n-channei typ . Thus, such a circuit that is structured preferably as shown above is further 
adapted to be used for making a CMOS integrated circuit than that using the same polarify. 

4 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 1s a circuit diagram showing an example of a conventional temperature sensor drcuit 
Fig. 2 Is a circuit diagram showing another example of a conventi nal temperature sensor circuit 
5 Fig. 3 is a circuit diagram showing an example of a conventional constant-current circuit 

Fig. 4 is a circuit diagram showing another example of a conventional constant-current drcuit 
Fig. 5 is a drcuit diagram of a temperature sensor circuit according to a first embodiment of this invention. 
Fig. 6 Is a graph showing a relation of an output voltage and a temperature of the temperature sensor drcuit 
shown in Fig. 5. 

10 Fig. 7 is a circuit diagram of a temperature sensor circuit according to a second embodiment of this inven- 
tion. 

Fig. 8 is a graph showing a relation of an output voltage and a temperature of the temperature sensor drcuit 
shown In Fig. 7. 

Fig. 9 is a circuit diagram of a constant-current drcuit according to a third embodiment of this invention. 
15 Fig. 10 is a circuit diagram of a constant-current circuit according to a fourth embodiment of this invention. 
Fig. 11 is a drcuit diagram of a constant-current drcuit according to a fifth embodiment of this invention. 
Fig. 12 is a circuit diagram of a constant-current circuit according to a sbcth embodiment of this invention. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

20 

The preferred embodiments of this invention wQI be described below while referring to Figs. 5 to 12. 
[First Embodiment] 

25 Fig. 5 shows a temperature sensor drcuit according to a first embodiment of this Invention, which com- 
prises a differential pair circuit 1 , a level shift circuit 2 and an output stage drcuit 3. 

The differential pair circuit 1 has two n-channel MOS transistors M1 and M2 whose sources are connected 
in common to each other to be grounded through a constant current source. The both transistors Ml and M2 
are driven by a constant current 10 supplied from the constant current source. The gate of the MOS transistor 

30 Ml is applied with a reference voltage VR from a reference vdtage source, and connected to one output ter- 
minal 5. The gate of the transistor M2 is connected to the other output terminal 4. The both transistors Ml and 
M2 are different in gate-width and gate-length ratio (W/L) from each other. 

The drains of the transistor Ml and M2 are connected to the drains of two p-channel MOS transistors M3 
and M4 constituting the load thereof, respecth^ely. The grates of the transistors M3 and M4 are connected in 

35 common to each other to be connected to the drain of the transistor Ml. The transistors M3 and M4 are equal 
in gate-width and gate-length ratio (W/L) to each other, and the sources thereof are applied with a constant 
voltage VDD from the constant-vdtage source. The both transistors M3 and M4 constitute a current mirror 
drcuit 

The level shift circuit 2 comprises an n-channel MOS transistor M5 whose gate Is connected to the drain 
40 of the MOS transistor M2. The transistor M5 is grounded through a constant-current source connected to the 
source thereof, and to be driven by a constant current 11 supplied from this constant current source. The gate 
of the transistor M5 is connected to the connection point of the drains of the transistors M2 and M4 to receive 
an output voltage of the differential pair drcuit 1 therethrough. The drain of the transistor MS is supplied with 
the constant voltage VDD. 

45 The output stage drcuit 3 is a complementary circuit induding a p-channel MOS transistor M6 and an n- 
channel MOS transistor M7 whose drains are connected to each other. Between the drain and the gate of the 
transistor M6, a resistor R1 and a capadtor 01 are inserted for the phase correction use. The gate of the tran- 
sistor M6 Is applied with the output voltage of the differential pair circuit 1 and the source thereof is supplied 
with the constant voltage VDD. The source of the transistor M7 is grounded. To the connection point of the 

50 drains of the transistors M6 and M7 are connected the gate of the transistor M2 and the output terminal 4. 
The gate of the transistor M7 is connected to the connection point of the transistor MS and the constant current 
source to receive the voltage at that point An output voltage Vout is taken out between the output terminal 
pair 4 and S. 

The level shift circuit 2 and output stage circuit 3 arranged as above constihjte a feedback drcuit which 
55 controls the differential pair circuit 1 so that a drain current ID1 of the MOS transistor Ml and a drain current 
ID2 of the MOS b-ansislor M2 are equal to each other. The feedback circuit feeds back the output voltage there- 
of to the gate of the transistor M2 of the differential pair circuit 1 so as to make the drain current ID1 and ID2 
of the transistors Ml and M2 thereof equal to each other. 



5 
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The feedback circuit Is not limited to th circuit shown in Fig. 5, but any other types of drcuit may be us d 
if they effect the sam feedback operation as above. 

Next the operation and characteristic of this circuit will b explained below. 

Supposing that the gate-width and gate-length rattos of the transistors M1 and M2 ar xpressed as W1 /LI 
and W2/L2, respecth^ely, th drain currents thereof are expressed as 101 and !D2. respectively, the threshold 
voltage is expressed as VTH, the transconductance parameter is expressed as p 1 and the difference between 
a gate-to-source voltage VGSI of the transistor Ml and a gate-to-source voltage VGS2 of the transistor M2 
is expressed as A Vi, the following equations can be established; 

ID1 = pi(VGS1-VTH)2 (11) 
ID2 = Kp 1(VGS2 - VTH)2 (12) 
ID1 + ID2 = 10 (13) 
AVi = VGSI - VGS2 (14) 
Here, ff the nK>bQity of electron is \i and the capacity of a gate oxide f Dm is Cox, p 1 and K in these equations 
can be expressed as follows; 

p 1 = p (Cox/2).(W1/L1) (15) 
K = (W2/L2)/(W1/L1) (16) 
In this case, the drain currents ID1 and ID2 of the MOS transistors Ml and M2 of the differential pair circuit 
1 are always equal to each other by feedback-controlling through the level shift circuit 2 and output stage drcuit 
3. As a result, from Eq. (13), the fdlowing can be obtained; 

ID1 = ID2 = (1/2)10 (17) 
Hence, Eqs. (11) and (12) can be changed respectively as follows; 

{(1/2)(IO/p 1)}i/2 = VGSI - VTH (18) 
{(1/2) (lO/K p 1))i« = VGS2 - VTH (19) 
If the difference between the gate-to-source voltages VGSI and VGS2 of respective MOS transistors Ml 
and M2 when Eq. (17) is established, which is equal to the input voltage of the differential pair drcuit 1 and 
the output vdtage VOUT, Is expressed as (A Vi)0, it can be obtained by subtracting Eq. (18) from Eq. (19), or 

(AVi)O = (I0/2i8 l)^/*-(l-l/K»/») 



X [(l/(Wl/Ll)*/»}- {1/(W2/L2)^/M] 

(20) 

As a result, in the circuit shown in Fig. 5, it can be found that by controlling the differential pair drcuit 1 
so as to make the drain currents ID1 and ID2 equal to each other, the difference (A Vi)0 between the gate-to- 
source voltages VGSI and VGS2 of the transistors Ml and M2 thereof, or the output voltage VOUT is varied 
inversely proportionally tc the square root of the mobility ^ . 

The mobility n is a function of temperature, and the relationship of the mobility \i (T1) at absolute temper- 
ature T1 and the mobility ]i (T2) at absolute temperature T2 can be expressed as follows; 

\i (T2)/ ^ (T1) = (J2n^) - « (2i) 

Namely, the mobility ratio at the temperahjre T1 and T2 is varied Inversely proportionally to the square root 
of the temperature ratio raised to the third power, or {T2^T^)^. 

Here, from Eqs. (20) and (21), the following equation (22) can be obtained; 

(A Vi(T))0 « 1/^ (T)<« = (1/^1 (T0)i«).(T/T0)3'* (22) 

From Eq. (22), it can be found that when the drain currents ID1 and ID2 of respecth^e transistors Ml and 
M2 are equal to each other, th gate-to-source voltage difference (A Vi)0 between the transistors Ml and M2, 
or the output voltage VOUT is varied proportionally to the fourth root of the ratio of absolute temperature T 
and the reference absolute temperature TO raised to the third power, or (JfTOy^. 

Eq. (22) when TO = 300K is graphically shown in Fig. 6, from which it can be found that the output voltag 



EP0 531 615 A2 



VOUT is nearly proportional to ak)Solute temperatur T. 

As explained abov . th circuit of this embodiment feedback-conb-ols so that the drain currents ID1 and 
ID2 of respectiv transistors M1 and M2 of th differential pair circuit 1 ar made equal to each other. Conse- 
quently, the tempeiature sensor circuit of a differential output type using MOS transistors can be realized. 

[Second Embodiment] 

Fig. 7 shows a temperature sensor circuit according to a second embodiment of this invention, which com- 
prises a differential pair circuit consisting of a differential transistor pak 11a and a current mvror circuit 11b. 
a level shift circuit 12 and an output stage circuit 13. 

In Fig. 7. the differential transistor pair 11 a has. as In the first embodiment, two n-channel MOS transistors 
M11 and M12 whose sources are connected in common to each other. The transistors Mil and M12 are ground- 
ed through a constant current source, and driven by a constant current 110 supplied therefrom. The gate of 
the transistor M11 is applied with a reference voltage VR from a reference voltage source, and connected to 
one output terminal 15. The gate of the transistor M12 is connected to the other output terminal 14. 

The transistors Mil and M12 are different in gate-width and gate-length ratio from each other, and when 
the gate-width and gate-length ratio of the transistor Mil, or W11/L11 Is made one (1), that of the transistor 
M12, or W12/L12 becomes Kl 

The current mirror circuit 1 1 b constitutes an active load of the differential transistor pair 11a. and has two 
p-channel MOS transistora M13 and M14. The drains of the translstore Ml 3 and M14 are connected respec- 
th^ely to the drains of the translstore Mil and M12. and the gates of the transistora Ml 3 and M14 are connected 
in common to be connected to the drain of the transistor M13. The sources of the transistors M13 and M14 
are supplied with a constant voltage VDD from a constant voltage source. 

The transistors M13 and M14 are different in gate-width and gate-length ratio from each other, and when 
the gate-width and gate-length ratio of the fransistor M14, or W14/L14 is made one (1), that of the transistor 
M13. or W13/L13 becomes K2, meaning that the mirror ratio of the transistora Ml 3 and M14 is K2:1. 

The current mirror circuit 11b of this embodiment resembles in structure to the load circuit Including the 
MOS transistors M3 and M4 of the first embodiment, but different therefrom in that two MOS transistora M3 
and M4 of the first embodiment are equal in gate-width and gate-length ratio to each other. 

The level shift circuit 12 has an n-channel MOS transistor M1 5 grounded through a constant current source 
connected to the source thereof. The transistor M15 Is driven by a constant current 111 supplied from the con- 
stant current source. To the gate of the transistor Ml 5 is sent an output voltage of the differential pair circuit 
from the source of the transistor M14 of the current mirror circuit 11b. To the drain of the fransistor M15 is sent 
the constant voltage VDD from the constant voltage source. 

The output stage drcuit 13 has a complementary structure including a p-channel MOS fransistor Ml 6 and 
an n-channel MOS fransistor Ml 7 whose drains are connected to each other. The source of the transistor M16 
is applied with the constant voltage VDD from the constant voltage source, and the gate thereof is applied 
with an output voltage of the differential pair circuit The connection point of the drains of the fransistore M16 
and Ml 7 is connected to the output terminal 14. In addition, the connection point thereof is connected to the 
gate of the fransistor M12 of the differential pair circuit in order to feed back an output of the output stage circuit 
13 to the gate of the fransistor M12. Between the gate and drain of the MOS fransistor M16. a resistor R2 and 
a capacitor C2 are inserted for the phase correction use. The output voltage VOUT Is taken out between the 
output terminal pair 14 and 15. 

The level shift circuit 12 and output stage circuit 1 3 constitute a feedback circuit in which an output voltage 
of the current mirror circuit lib is fed back to the gate of the fransistor M12 of the differential pair circuit so 
that the ratio of the drain currents ID11 and ID1 2 of respective fransistore Mil and M12 becomes equal to the 
mirror ratio of the current mirror circuit 11 b. The level shift circuit 12 and output stage circuit 1 3 of this second 
embodiment constitute a feedback circuit as the level shift circuit 2 and output stage circuit 3 of the f iret em- 
bodiment, but being different therefrom In that the circuit of the f iret embodiment feeds back the output voltage 
thereto so that the drain currents ID1 and ID2 of the fransistore Ml and M2 are made equal to each other. 

The feedback circuit is not limited to the circuit shown in Fig. 7. but any other types of circuit may be used 
if they effect the same feedback operation as above. 

Next, the operation of the temperature sensor circuit of this embodiment will be explained below. 
Since the ratio of the gate-width and gale-length of the fransistor Ml and that of the fransistor M2 of the 
fransistor pair 11a Is 1:K1. the drain currents ID11 and ID12 thereof can b expressed by the following equa- 
tions (31) and (34). respectively. In addition, the relationship between the drain currents ID11 and ID12 and 
the constant current 1 1 0 can be expressed by the following equation (33), and the output voltage (Input offset 
voltage) VOUT of this temperature sensor circuit can be expressed by th following equation (34); 
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ID11 = p2(VGS11.VTH)2 (31) 
ID12 = K1.p2{VGS12-VTH)2 (32) 
ID11 + ID12 = 110 (33) 
VOUT = VGS11 - VGS12 (34) 
Where VGS11 is a gate-to-source vdlag of the MOS transistor Mil. VGS12 is a gate-to-source voltage 
of the ms transistor M12, and VTH is the threshold voltage thereof. Also, if the mobility is expressed as ]i 
and the gate oxide film capacity is expressed as Cox. the transconductance parameter p 2 in Eqs. (31) and 
(32) can be shown as follows; 

P2 = ^(Cox/2).(W11/L11) (35) 
Since themirror ratio of the transistors IVI13and MUof the current mirror circuit lib is K2:1. the differential 
transistor-pair M11 and M12 is subjected to the feedback control so as to satisfy the following equation (36). 
or 

ID11 = K2.1D12 (36) 

Hence, from Eqs. (33) and (34). the drain currents ID11 and ID12 can be expressed in terms of the mirror 
ratio K2 and the constant current 110 as follows; 

ID11 = {K2/(K2+1)}.|10 (37) 
ID12 = {1/(K2+1)}.|10 (38) 
Accordingly, from Eqs. (31) and (37). the following equation (39) can be obtained, and from Eq. (39), the 
following equation (40) can be obtained; 

{K2/(K2 + 1)}.I10 = p 2(VGS11 - VTH)2 (39) 
VGS11 - VTH = (l10/p2)i/2.{K2/(K2 + 1)}i« (40) 
Similarly, from Eqs. (32) and (38). the following equation (41) can be obtained, and from Eq. (41), the foj- 
lowing equation (42) can be obtained; 

{1/(K2 + 1)}.|10 = Kip 2(VGS12 - VTH)2 (41) 
VGS12 - VTH = (l10/K1.p2)i«{1/(K2 + 1))i« (42) 
As a result. Eq. (34) can be expressed as follows; 

VOUT = VGSll - VGS12 



= (I10/iS2)^/*-{K2/(K2fl))i/2 



X [1- {l/(Kl-K2)^/2)] 



= (l/^'''')-(2I10/Cox)>/»-{l/(Wll/Lll)^/»} 



X {K2/(K2+l)}^/»-[l- l/(Kl-K2)^/» ] 



(43) 



It can b seen from Eq. (43) that the output voltage VOUT (Input offset voltage of the transistora Mil and 
M12) is varied inversely proportionally to the square root of the mobility p. . 

The mobility ji Is a function of absolute temperature T Thus, the mobflity ^ (T1) at T1 and the mobflity u 
(T2)atT2canb related as follows; 
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6i(T2)/n(T1)} = (T2n-1)- 3« (44) 
As a result, the output voltage VOUTcan be expressed in terms of the mobility ^ (TO) at the reference absolute 
temperature TO as follows; 

VOUT cc {1/ n (D)i« = {1/ ^ (T0))</2.(T/T0)a« (45) 
5 This equation is equal to Eq. (22) in the first embodiment 

Fig. 8 graphicaUy shows the relationship expressed by Eq. (45) as TO = 300K. which shows that the output 
voltage VOUT is nearly proportional to absolute temperature T. 

In Eq. (43). if K2 = 1. the following equation (46) can be obtained, and If K1 = 1, the following equation 
(47) can be obtained: 

(V0UT)k2«i = (110/2. P2)^«.(1 - l/Kl^fi) (46) 
(VOUT)ki = , (110/ p 2)ifl.(K2/K2 + 1)i«.(1 - 1/K2i'2) (47) 
As understood from Eqs. (46) and (47). Eq. (43) is not equivalent with respect to K1 and K2, but if K2 > 1, 
the following equation (48) can be obtained; 

1/2i« = 0.7071 < {K2/(K2 + 1)}i« < 1 (48) 
15 In Eq. (48). a value of {K2/(K2+1)}i« is subjected to square root compression with respect to the variation 
of the value of K2 thereby to show the range of variation shown in Eq. (48). which means that this variation 
range becomes smaller than that of K2, As a result. If K1 > 1 and K2 > 1. from Eq. (43). the output voltage 
VOUT can be roughly estimated to be determined by the inverse number of the square root of the product of 
K1 and K2, or {1/(K1 K2)}i« This means that such a circuit that generates the output voltage VOUT (offset 
20 voltage) through two transistor pairs (Mil and M12) and (M13 and M14) as in this embodiment is more effective 
than such a circuit that generates it through only one transistor pair (Mil and M1 2). for example, as in the first 
embodiment Further this means that the same output voltage VOUT can be realized by using smaller-sized 
transistors, thus being capable of advantageously making the chip area smaller. 

As explained above, the temperature sensor circuit according to the second embodiment makes it possible 
to obtain a voltage proportional to a temperature between the two Input terminals of the transistor pair Mil 
and M12. which means that the temperature sensor circuit of a differential output type can be realized on a 
CMOS Integrated circuit by using complementary MOS faranststors. 

(Third Embodiment] 

Fig. 9 Is a drcuit diagram of a constant-current circuit according to a third embodiment of this invention, 
which comprises two n-channel MOS transistors M21 and M22 and two p-channel MOS transistors M23 and 
M24. 

In Fig. 9. the source of the n-channel MOS transistor M21 Is directly grounded, the drain thereof is con- 
nected through a resistor R21 to the drain of the p-channel MOS transistor 23, and the gate and drain thereof 
are connected through the resistor R21 to each other. The source of the n-channel MOS transistor M22 is di- 
rectly grounded, the drain thereof is connected to the drain of the transistor M24. and the gate thereof is con- 
nected to the drain of the transistor M21. The transistors M21 and M22 constitute a peaking current mirror 
circuit 

The drain of the p-channel MOS transistor M23 Is connected through the resistor R21 to the drain of the 
transistor M21 and connected directly to the gate of the transistor M21 . The drain of the p-channel MOS tran- 
sistor M24 Is connected directly to the drain of the transistor M22. The gates of the transistors M23 and M24 
are connected in common to each other to be connected to the drain of the transistor M24. The drains of the 
fransistors M23 and M24 are applied with a constant voltage VDD. The transistors M23 and M24 constitute a 
simple current mirror circuit to drive the transistors M21 and M22. 

In this embodiment, the capadty ratio of the transistors M21 and M22 to be driven, or the gate-width and 
gate-length ratio (W/L) is 1:1, and on the other hand, the capacity ratio of the transistors M23 and M24 con- 
stituting the current mirror circuit is m1:1 (m1 > 1 . or m1< 1). As a result, the ratio of the driving current of 
the transistor M21 and that of the transistor M22 when operating becomes m1:1. 

Here, in Fig. 9. when all the transistors M21. M22. M23 and M24 are operating in'the saturation region, if 
a gate-to-source voltage of the transistor M21 is expressed as VGS21 . that of the transistor M22 is expressed 
as VGS22, a threshold voltage thereof is expressed as VTH and a transconductance parameter thereof is ex- 
pressed as p 3. a driving current 121 of the transistor M21. a driving current 122 of the transistor M22. and the 
difference between the gate-to-source voltages VGS21 and VGS22 of respective transistors M21 and M22can 
be respectively expressed as follows; 

121 = p3(VGS21-VTH)2 (51) 

122 = p 3(VGS22 - VTH)2 (52) 
VGS21 - VGS22 = R2M21 (53) 
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The capadty ratio of the transistors M23 and M24 constituting the current mtrror circuit is m1:1, so that 
th driving currents i21 and 122 respecth^ely outputted from the transistors M23 and M24 are related to each 
other as foilows; 

121 = m1l22 (54) 

As a result, by solving Eqs. (51) and (52) with respect to VGS21 and VGS22. respectively, and sut)stituting 
them for those in Eq. (53), the following equation (55) can be obtained; 

VGS21 - VGS22 = (121 ^« - I22i«)/ § 3i« = R2M21 (55) 
From Eqs. (54) and (55). the following equation (56) can be obtained, and by arranging Eq. (56), the fol- 
lowing equation (57) can be obtained, and finally, the following equation (58) can be obtained; 

1211/2 - (I21i«/m1) = p3i« R21l21 (56) 
I21i«.[ p 3i«.R21.|21i« - (1 - (1/m1i«))] = o (57) 
1211/2 = (1 - 1/m1i/2)/(p 31/2.R21) (58) 
Accordingly, the driving currents 121 and 122 can be respectively expressed as follows; 

121 = {(m1i/2- 1)/m1i/2}2.{1/(p 3.R212)) (59) 
122 = m1{(m1i/2 - 1)/m1i/2)2^1/(p 3.R212)) (60) 
Eqs. (59) and (60) each does not include the constant voltage VDD and the threshold voltage VTH. From 
this fact, it can be found that if all the transistors M21 . M22, M23 and M24 are being operating in the saturation 
region, the driving currents 121 and 122 respectively have no effect by their variations. As a result, the circuit 
shown in Fig. 9 makes it possible to stably supply a constant current at a practical operation level. In addition, 
if a drcuit is provided which takes out the driving currents 121 and 122 as its output current, it can be driven. 

[Fourth Embodiment] 

Fig. 1 0 Is a circuit diagram of a constant-current circuit according to a fourth embodiment of this inventton, 
which comprises two p-channel MOS transistors M31 and M32, and two n-channel MOS transistors M33 and 
M34 constituting a current mirror circuit for driving the transistore M31 and M32. This drcuit is equivalent to 
such a circuit that the p-channel MOS transistors M31 and M32 are used Instead of the n-channel MOS tran- 
sistors M21 and M22. and the n-channel MOS transistors M33 and M34 are used instead of the p-channel MOS 
transistors M23 and M24 In the drcuit of the third embodiment 

The source of the p-channel MOS transistor M31 is applied with a constant voltage VDD. the drain thereof 
is connected through a resistor R31 to the drain of the n-channel MOS transistor 33. and the drain and source 
thereof are connected through the resistor R31 to each other. The source of the p-channel MOS transistor 32 
is applied with the constant voltage VDD, the drain thereof is connected directly to the drain of the n-channel 
MOS transistor M34, and the gate thereof is connected directly to the drain of the transistor M31. The tran- 
sistors M31 and M32 constitute a peaking current mirror drcuit 

The source of the n-channel MOS transistor M33 is directly grounded, and the drain thereof is connected 
through the resistor R31 to the drain of the transistor M31 . The source of the n-channel MOS transistor 34 is 
directly grounded, and the drain thereof is connected directly to the drain of the transistor M32. The gates of 
the transistore M33 and M34 are connected in common to each other to be connected to the drain of the tran- 
sistor M34. The transistore M33 and M34 constitute a simple current mirror circuit for driving the transistore 
M31 and M32. 

In this fourth embodiment, the capacity ratio (W/L) of the transistore M31 and M32 to be driven is 1 :1, and 
that of the transistors M33 and M34 is m2:1 (m2 > 1 , or m2 < 1). As a result, the ratio of the driving current of 
the transistor M31 and that of the transistor M32 when operating becomes m2:1. 

In this embodiment, the transistore to be used are made inveree in channel polarity to those to be used In 
the third embodiment thereby to be operated similarly thereto, so that Eqs. (51) to (60) already discribed in 
the third embodiment can be similarly established, which means that the same characteristics as those of the 
third embodiment are obtainable. 

[Fifth Embodiment] 

Fig. 11 is a circuit diagram of a constant-current circuit according to a fifth embodiment of this invention, 
which is equivalent in structure to the drcuit of the third embodiment showing in Fig. 9 modified such that the 
resistor R21 between the gate and drain of the transistor M21 is removed therefrom and the resistor R21 thus 
removed Is inserted between th source of the transistor M22 and the ground. 

In Rg. 11. the source of an n-channel MOS transistor M41 is directly grounded, the drain thereof is con- 
nected to the drain of a p-channel MOS transistor M43, and the gate and drain thereof are connected to each 
other. The source of an n-channel MOS transistor M42 is grounded through a resistor R42, the drain thereof 
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is connected to the drain of a p-channel MOS transistor M44, and the gate thereof is connected t the drain 
of the transistor M41. The transistors M41 and M42 constitute a Widlar current mirror drculL 

The drain of the p-channel I^OS transistor M43 is connected directly t the drain of the transistor M41. 
The drain of the p-chann I MOS transistor M44 is connected directly to the drain of the transistor M42. Th 
gates of the transistors M43 and M44 are connected in common to each other t be connected to the drain of 
the transistor M44. The drain of each of the transistore M43 and M44 is applied with a constant voltage VDD. 
The transistors M43 and M44 constitute a simple current mirror circuit for driving the transistors M41 and M42. 

In this fifth emlxjdiment. the capacity ratio of the transistors M41 and M42 to be driven is 1:1. and the 
capacity ratio of the transistors M43 and M44 constituting the current mirror drcult is m3:1 , (m3 > 1 , or m3 < 
1). Asa result, the ratio of the driving currentof the transistor IW41 and that of the transistor M42 when operating 
becomes m3:1. 

In the circuit shown In Fig. 11, If all the transistors M41. M42, M43 and M44 are being operating in the 
saturation region, the driving currents 141 and 142 of the transistors M41 and M42 can be expressed by the 
following equations (61) and (62). respectively, as in case of being Eqs. (51) and (52). and the gate-to-souree 
voltages VGS41 and VGS42 of the transistors M41 and M42 can be related as expressed by the following equa- 
tion (63); where & 4 shows a transconductance parameter of the transistors, 

141 = p 4(VGS41 - VTH)2 (61) 

142 = P4(VGS42-VTH)2 (62) 
VGS41 - VGS42 = R42142 (63) 

The capacity ratio of the transistore M43 and M44 is m3:1. so that the driving currents 141 and 142 respeo- 
threly outputted from the transistore M43 and M44 can be related as follows; 

141 = nr>3l42 (64) 

By solving Eqs. (61) and (62) with respect to VGS41 and VGS42, respectively, and substituting them for 
those in Eq. (63). the following equation (65) can be obtained; 

VGS41 - VGS42 « (141 1« - I42i«)/ p 4i« = R42.|42 (65) 
From Eqs. (64) and (66), the following equation (66) can be obtained, and by arranging Eq. (66). the fol- 
lowing equation (67) can be obtained, and finally, the following equatton (68) can be obtained; 

l42^'2-(m3i«-1) = p4i«,R42.|42 (66) 
I42^«{(m3i«-1) - p4i«.R42.|42i'2} = 0 (67) 
I42i« = (m3i«- 1)/(P4^'2R42) (68) 
Accordingly, the driving currents 142 and 141 can be respectively expressed as follows; 

142 = (m3i« - 1)2/(p 4.R422) (69) 
141 = m3(m3i'2-1)2/(p4R422) (70) 
Eqs. (69) and (70) each does not Include the constant voltage VDD and the threshold voltage VTH. From 
this fact, it can be found that the driving currents 141 and 142 have no effect by their variations. As a result, 
the circuit shown in Fig. 11 also makes It possible to stably supply a constant current at a practical operation 
level. The driving currents 141 and 142 can be taken out In the same way as In the third embodiment 

ISbcth Embodbnent] 

Fig. 12 is a circuit diagram of a constant-current circuit according to a sixth embodiment of this Invention, 
which comprises two p-channel MOS transistore M51 and M52, which are equivalent to the n-channel MOS 
transistore M41 and M42 of the fifth embodiment, and two n-channel MOS transistore M53 and M54, which 
are equivalent to the p-channel MOS transistore M43 and M44 of the fifth embodiment 

In Fig. 1 2, the source of the p-channel.MOS transistor M51 is directly applied with a constant voltage VDD, 
the drain thereof is connected to the drain of the n-channel MOS transistor M53. and the gate and drain thereof 
are connected to each other The source of the p-channel MOS transistor M52 is applied through a resistor 
R52 with the constant voltage VDD, the drain thereof is connected to the drain of the n-channel MOS fransistor 
M54, and the gate thereof is connected to the source of the fransistor M51. The transistore M51 and M52 con- 
stitute a Widlar current mirror circuit 

The source of the n-channel MOS transistor M53 is directly grounded, and the drain thereof is connected 
directly to the drain of the transistor M51 . The source of the n-channel MOS transistor M54 is directly grounded, 
and the drain thereof Is connected to the drain of the transistor M52. The gates of the transistore M53 and 
M54 are connected in common to each other to be connected the drain of the transistor 54. The transistore 
M53 and M54 constitute a simple current mirror circuit for driving the transistore M51 and M52. 

In this embodiment, th capacity ratio of the transistore M51 and M52 to be driven is 1:1, and the capacity 
ratio of the transistore M53 and M54 constituting the simple current mirror circuit is m4:1 (m4 > 1, or m4 < 1). 
As a result, the ratio of the driving current f the transistor M51 and that of the transistor M52 when operating 
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becomes m4:1. 

In this sixth embodim nt, the transistors to b used are made Inverse in channel polarity to the correspond- 
ing ones in the fifth embodim nt thereby to be op rated similarly thereto, so that Eqs. (61) t (70) already 
discribed in the fifth embodiment can be similarly established, which means that th same characteristics as 

s those of the fifth embodiment are obtainable. 

As described above, in each of the constant-current circuits according to the third to sixth embodiments 
of this Invention, two MOS transistors to be driven are operated at a constant current ratio, thus being capable 
of generating driving currents with no effect by the variation of the source voltage and the dispersion of the 
threshold voltage. Accordingly, the dispersion of an output current can be made small with respect to the de- 

10 viation in production and yet, the current can be set indepedently of the threshold voltage. Consequently, a 
constant-current circuit adapted to be used for making a CMOS integrated circuit 



Claims 

IS 

1. A temperature sensor circuit comprising: 

a differential pair circuit which comprises a first MOS b^nsistor and a second MOS transistor which 
are different in gate-width and gate-length ratio from each other, a load circuit of both said first and second 
MOS transistors, and a constant current source for driving said first and second MOS transistors; and 
20 a feedback circuit which receives an output voltage of said differential pair circuit from a drain of 

one MOS transistor of said differential pair circuit and feedback-controls said differential pair circuit so 
that a drain current of sakj first MOS transistor and that of said second MOS transistor are made equal 
to each other. 

25 2. A temperature sensor drcult as claimed In daim 1, wherein the first MOS transistor of said differential 
pair circuit has a gate connected to one terminal of a output terminal pair of said temperature sensor drcult 
to be applied with a reference voltage, and the second MOS transistor thereof has a gate connected to 
the other terminal of said output terminal pair thereof to receh^e a feedback voltage from said feedback 
circuit 

30 

3. A temperature sensor drcult as dalmed in daim 1, wherein said load circuit comprises a current mirror 
circuit 

4. A temperature sensor drcuit as claimed In daim 3, wherein said current mirror drcult has two MOS tran- 
^ sistors equal In gate-width and gate-length ratio to each other. 

5. A temperature sensor drcuit comprising: 

a differential pair drcuit having two MOS transistors different in gate-wklth and gate-length ratio 
from each other to be driven through a constant current source; 

a current mirror drcult having two MOS transistors different in gate-width and gate-length ratio from 
^ each other and constituting a load of said differential pair circuit; and 

a feedback drcuit for feeding back an output of said current mirror circuit to a gate of one of the 
two MOS transistors of said differential pair circuit In order that a drain current ratio of said differential 
pair circuit Is made equal to a mirror ratio of said current mirror circuit 

^ 6. A temperature sensor circuit as claimed in daim 5, wherein said feedback drcuit comprises a complemen- - 
tary circuit using two MOS transistors different in pdarity from each other. 

7. A constant-current circuit comprising: 
a first MOS transistor; 
so a second MOS transistor, and 

a current mirror circuit comprising two MOS transistors different In gate-width and gate-length ratio 
from each other, 

wherein said first MOS transistor has a drain and a gate connected through a resistor to each other 
and is supplied through said resistor with a driving current from one MOS transistor of said current mirror 
55 circuit, said second MOS transistor has a gat connected to the drain of said first MOS transistor and a 

drain directly receiving the driving current from t he other MOS transistor of said current mirror drcult, thus 
being capable of operating said first and second MOS transistors at a constant current ratk). 
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8- A constant-current drcult as claimed in daim 7, wherein said first and second MOS transistors ar equal 
in gate-width and gate-length ratio t each other. 

9. A constant-current drcuit as daimed in daim 7, wherein said first and second MOS transistors are different 
in gate-width and gate-length rati from ach other. 

10. A constant-current drcuit as daimed in daim 7, wherein said first and second MOS transistors and the 
two MOS transistors constituting said current mirror circuit are different in pdarity from each other. 

11. A constant-current circuit comprising: 

a first MOS transistor, 

a second MOS transistor, and 

a current mirror circuit comprising two MOS transistors different in gate-width and gate-length ratio 
from each other, 

wherein said first MOS transistor has a drain and a gate connected diredly to each other and re- 
ceives a driving current directly from said current mirror circuit, said second MOS transistor has a source 
connected to a resistor and a gate connected to the drain of said first MOS transistor and a drain directly 
receiving the driving currentfirom said current mirror drcuit. thus being capable of operating said firet and 
second MOS transistore at a constant current ratio. 

12. A constant-current drcuit as daimed in daim 1 1 , wherein said firet and second MOS transistors are equal 
in gate-width and gate-length ratio to each other. 

13. A constant-current drcuit as daimed in daim 11, wherein said firet and second MOS transistore are dif- 
ferent in gate-width and gate-length ratio from each other. 

14. A constant-current circuit as daimed in daim 11 . wherein said firet and second MOS transistore and the 
two MOS transistore constituting said current mirror circuit are different in pdarity from each other. 



13 



EP0 531 615 A2 




14 



EP 0 531 615 A2 




FIG. 4 



JRb 



Vdo 

-L 



[m67 |1d6i 



M6 



VgS62 

Vcsei . 

or 



|I062 

M62 



M66 
{Iref 



llREF 

HLM63 



15 



EP0 531 615 A2 




16 



EP0 531 615 A2 



FIG. 6 
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FIG. 7 
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FIG. 8 
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